Using a combination of analytical theory, Monte Carlo simulations, and three dimensional selfconsistent field calculations, we study the equilibrium properties and the switching behavior of adsorption-active polymer chains included in a homopolymer brush. The switching transition is driven by a conformational change of a small fraction of minority chains, which are attracted by the substrate. Depending on the strength of the attractive interaction, the minority chains assume one of two states: An exposed state characterized by a stem-crown-like conformation, and an adsorbed state characterized by a flat two-dimensional structure. Comparing the Monte Carlo simulations, which use an Edwards-type Hamiltonian with density dependent interactions, with the predictions from self-consistent-field theory based on the same Hamiltonian, we find that thermal density fluctuations affect the system in two different ways. First, they renormalize the excluded volume interaction parameter v bare inside the brush. The properties of the brushes can be reproduced by self-consistent field theory if one replaces v bare by an effective parameter veff, where the ratio of second virial coefficients Beff/B bare depends on the range of monomer interactions, but not on the grafting density, the chain length, and v bare . Second, density fluctuations affect the conformations of chains at the brush surface and have a favorable effect on the characteristics of the switching transition: In the interesting regime where the transition is sharp, they reduce the free energy barrier between the two states significantly. The scaling behavior of various quantities is also analyzed and compared with analytical predictions.
I. INTRODUCTION
Polymer brushes are organic surface layers formed by polymer chains that are grafted at one end to a substrate [1, 2] . Since the thickness of brush layers is typically in the nanometer range, they are interesting for the design of functional surfaces [3] [4] [5] with applications in a wide variety of areas ranging from colloidal stabilization [6] , lubrication [7] , controlled friction and adhesion [8] , anti-fouling [9] , biocompatibility [10] , drug delivery [11] , and smart stimuli-responsive materials [4] . In this respect, multicomponent polymer brushes are particularly promising [4, 5] . If the brush chains are covalently bound to the substrate, they cannot phase separate on a global scale, but they can still develop structure on the Stimuli-induced phase separation provides the basic mechanism for the change in the brush surface properties depending on which of the two microphases forms the outer part of the brush. A typical example for such a morphology-related switchable surface is a mixed polymer brush with equal amounts of hydrophobic and hydrophilic polymers grafted on a substrate. By treatment of different solvents, the surface composition can change and then the wettability of this material switches [12, 13] . Morphology change necessarily involves slow highly coop-erative chain dynamics and therefore a typical response time turns out to be in the range of several minutes or larger [13] .
In a recent letter, we have proposed a new class of brush-based switches [17] , which rely on a radical conformational change of individual adsorption-active minority chains in an otherwise inert brush.
The selective adsorption driving the transition may arise, e.g., from electrostatic interactions or hydrogen bonding between active groups in the minority chains and the substrate. These active groups can serve as responsive sensors that trigger the switching transition. The most radical change is associated with the end group of the minority chain. In the adsorbed state it resides in close proximity of the substrate deeply buried within the brush, while in the other state it is exposed to the environment. Thus the transition could potentially promote a specific immune-like response. Chemically or biologically active groups can be attached to the free end of the minority chain to serve as practically useful sensors.
Based on theoretical arguments and simple onedimensional mean-field calculations, we demonstrated that even a small chain length increment of about 10 % produces a sharp transition from the exposed state to the adsorbed state. The transition time is expected to be very short since the free energy barrier between these two thermodynamically stable states is about several k B T . A further increase in the minority chain length will lead to sharper transitions, but at the same time to longer transition times due to higher barriers. The strong response of the chain conformation of a minority chain [18] to small variations of its length is related to the recently reported "surface instabilities" in polymer brushes [19, 20] , which can be used to sense solvent quality [21, 22] . In our work, we proposed to use single chains as switches triggered by a change in substrate-polymer interaction. One major benefit of this switch is that it does not involve cooperative rearrangements of many chains, therefore the switching transition is fast as compared to the existing examples in mixed brushes.
The arguments presented in Ref. [17] rely on several assumptions. First, the presence of the minority chains was taken to have no effect on the surrounding polymer brush. Second, thermal fluctuations of the majority brush component were disregarded.
In the current paper, we present extensive Monte Carlo (MC) simulations of a coarse-grained model for polymer brushes with a single immersed adsorption-active minority chain. To assess the influence of fluctuations separately, we have also performed three-dimensional selfconsistent field (SCF) calculations for comparison. We investigate in detail both lateral and longitudinal characteristics of chain conformations and the various characteristics of the transition.
The remainder of the paper is organized as follows: Sec. II outlines the MC model and the simulation scheme. Sec. III presents the MC results for a homogeneous monodisperse brush and comparison with the established analytical SCF theory, and analyzes the dependence of the renormalized virial coefficient on the effective interaction range. Sec. IV presents a more detailed derivation of the theory for the adsorption-active minority chain sketched in Ref. [17] . In Sec. V the main results of the MC simulations are presented and discussed. This section also compares MC and 3-d SCF calculations with the emphasis on fluctuation effects. A general discussion is given in the final section VI.
II. MC SIMULATION MODEL
In the simulation community, a variety of numerical methods have been developed and used to investigate polymer brush systems, ranging from molecular dynamics [23] , dissipative particle dynamics [24] , and Monte Carlo (MC) simulations [25] [26] [27] [28] [29] to numerical selfconsistent field (SCF) calculations [30] [31] [32] [33] [34] [35] . The present study mainly relies on MC simulations, while for comparison we also present results obtained from 3-d SCF theory. The MC simulation model and scheme are described as follows, and the detailed description of SCF method is shown in the Appendix.
In the MC simulations, we adopt a coarse-grained offlattice model first proposed by Laradji et al [26] . In this approach, a particle-based representation of the polymers is combined with an Edwards type Hamiltonian [36, 37] , which defines non-bonded interactions in terms of local monomer densities. Compared to the more commonly used coarse-grained polymer models with hardcore monomer interactions, the Laradji model has two advantages: First, it can be simulated very efficiently, since the explicit evaluation of pair interactions is often the most time consuming part in a simulation. Second, it uses soft potentials, hence equilibration times are comparatively short. The model does not account for packing effects and for topological constraints (which may restrict the conformational phase space for strongly adsorbed, quasi-two dimensional polymers). However, these are not in the focus of the present study. Specifically, the model system is a monodisperse brush in a good solvent containing a single minority chain in a volume V = L x · L y · L z . We use periodic boundaries along x and y directions, while impenetrable boundary walls are placed at z = 0 and z = L z . Polymer chains are modelled by the discrete Gaussian bead-spring model with spring constant 3kB T 2a 2 , where a is the statistical bond length, k B is the Boltzmann constant, and T the temperature. We will use a as the basic length unit, and k B T as the energy unit. All chains are attached to a substrate placed at z 0 at one end, where z 0 is chosen smaller than a. The impenetrable wall at z = 0 exerts an attractive potential to all minority chain beads with strength ε in a range of 0 z a. There is no explicit solvent in the model and all the relevant interactions in the good solvent case are represented through an effective excluded volume potential between monomers (beads). The Ed-wards type Hamiltonian of the system reads
where β ≡ 1/k B T , R αj denotes the position of the j-th bead in the α-th chain (the minority chain has the index α = 0), n b is the total number of brush chains,ρ m denotes the local density of minority chain monomers, ρ m = j δ(r − R 0j ), andρ t ≡ρ b +ρ m the total density of monomers withρ b ≡ n b α=1 j δ(r − R αj ) being the local density of brush monomers. (Here and in the following, the subscript b will be used to denote the brush chains, and m will denote the minority chain.) The first two terms in the Hamiltonian describe the Gaussian stretching energy (bonded interactions) between two neighboring monomers in the same chain. The third term represents the non-bonded effective interactions between polymer beads. For a good solvent the excluded volume parameter v bare is larger than zero. The fourth term describes the adsorption between the substrate and the minority beads with a step-like adsorption potential,
In the MC simulations, local densities are extracted from the position of the beads by using the Particleto-Mesh technique [38] , which provides a way for the smoothing of density operators. In the present work we use the zeroth order scheme. The system is divided into cubic cells of size b 3 whose centers define the grid points, and the local densities evaluated by counting the total number of beads in the corresponding cells divided by the cell volume, are defined at these grid points. The smoothed monomer densities for the minority chain and brush chains are denoted as ρ m and ρ b , respectively. This implies that two beads interact only when they are in the same cell, and thus the size of the cell is indirectly linked to the interaction strength of non-bonded interactions. Higher order schemes are conceivable, but computationally more expensive. After the density operators are smoothed over the cell volume, the Hamiltonian acquires the familiar form used in the SCF theory [39] , hence SCF calculations and MC simulations can be compared directly.
In the present study, the brush chain length is fixed at N b = 100. In most MC of calculations we choose the excluded volume parameter v bare = 1 which would correspond to a Flory-Huggins parameter χ = 0 in an explicit solvent solution (athermal solvent condition), and the size of the averaging cell is taken b = 1. We model relatively dense monodisperse polymer brushes in good solvent with the surface grafting density σ = 0.1, 0.2, 0.3, with the corresponding overlap parameters σR 2 gb ≃ 2, 3, 5, where R gb is the mean radius of gyration for an ideal brush polymer. The grafting points of the chains on the substrate were fixed on a regular square lattice.The system size was chosen L x = 40, L y = 40, and L z = 100 in most cases. To assess the influence of finite-size effects, we have also carried out simulations of larger systems with size L x = 60, L y = 60, and L z = 100 for selected parameter values. The results were identical within the error.
MC simulations [40] were carried out according to the standard Metropolis criterion. At every MC update, we try to move the position of one chosen monomer to a new position with a distance in space comparable to the bond length. This trial move results in an energy change including the bonded energy and non-bonded energy, and it is accepted or rejected according to the Boltzmann probability in the usual way. In all the simulations 3 × 10
5
MC steps per monomer were performed to equilibrate the system, and another 3 × 10 5 MC steps to extract statistical averages. In order to get good statistics sampling for the single minority chain, an additional 10 8 MC steps per monomer updating the minority chain monomers were performed during the process of evaluating statistical averages. Final statistical quantities were obtained by averaging the results from 48 separate independent MC runs.
III. HOMOGENOUS BRUSH AND RENORMALIZATION OF THE SECOND VIRIAL COEFFICIENT
We first analyze the simulation results for homogenous monodisperse brushes which are very well understood. In contrast to common MC polymer models our model contains an additional free parameter, the cell size b, defining the averaging volume for the local density operator, and the excluded volume parameter v bare . Fig. 1 shows the density profiles of homogeneous brushes with two different grafting densities σ = 0.1 and σ = 0.3, and various values of the averaging cell size b. It is clear that the choice of cell size has a pronounced effect on the brush density profile. To rationalize this effect we turn to the analytical SCF theory developed over 20 years ago [41] [42] [43] [44] [45] and subsequently verified by simulations and experiments.
Within the second virial approximation for good solvent conditions and assuming Gaussian elasticity for the chains, the density profile ρ b (z) has a parabolic form
where the brush height is H = (4v eff σ/π 2 ) 1/3 N b , and v eff an effective interaction parameter. Gaussian elasticity is an important ingredient in the analytical theory and the fact that the MC simulation model is also based on a Hamiltonian with a Gaussian term describing chain connectivity allows a more direct comparison. It is known that corrections due to finite chain extensibility become important for dense grafting, but this is outside the scope of the present paper. On the other hand, modifications of the chain elasticity due to the excluded volume effects are naturally taken into account by our MC simulations. The mean-field potential associated with the density, profile,
where
is the potential at the grafting surface. According to the theory (see for example [45] ), the brush density profiles evaluated for the same model at different values of σ and N b should collapse in the rescaled coordinates
with one adjustable parameter related to the interaction parameter 
fit, K=0.68 We conclude that the renormalization effect can be pre-sented in terms of a dimensionless ratio
, which is a universal function of a single dimensionless parameter b a (or, equivalently, b √ N /R g ). Universality in this context does not mean a broad class of different models but rather that other model parameters, such as σ and N b do not enter explicitly. It is clear from Fig. 2 (b) that at cell size b/a = 2 or larger, the curve saturates and v eff approaches the bare value. Hence the system approaches mean-field behavior if the interaction range b of the monomers becomes large, as one would expect. At smaller b/a, local monomer correlations become important and renormalize the effective interaction parameter. Renormalization of monomer interaction parameters has also been observed in Edwards-type simulations of polymer melts [38] .
IV. MINORITY CHAIN IN A BRUSH: THEORETICAL BACKGROUND
The theory was briefly sketched in Ref. [17] . In this section, we present it in more detail. We consider a relatively dense monodisperse polymer brush in a good solvent containing a single surface-active minority chain. The length of the minority chain is denoted as N , while the length of the brush chain is denoted as N b . The minority chain and the brush chains are chemically different and have different interactions with the substrate, i.e., the substrate adsorbs minority chain monomers with strength ε, while it is neutral to the brush chain monomers. Both the minority and the majority chains are flexible with the same statistical Kuhn length a which is taken as the unit length; the excluded volume parameter is also the same for both chain types and is positive corresponding to good solvent conditions. This is fully consistent with the MC model.
We treat the inter-and intrachain interactions in the mean-field approximation and neglect the back effect of the change in the minority chain conformation on the surrounding brush. Hence, the conformation of a minority chain is affected by a fixed mean-field potential profile consisting of the repulsive contribution determined by the brush density and a short-ranged attraction due to the solid substrate. The minority chain itself is described by an ideal continuum model, since intrachain excluded volume effects are screened out considerably within the brush thickness.
The analytical description of the minority polymer chain is based on the continuum approach. The Green's function G(z, N ), i.e. the total statistical weight of the minority chain grafted at the substrate (z 0 = 0) as a function of the free end position, z, is a solution of the Edwards equation
taken at s = N , with the initial condition G(z, 0) = δ(z).
is the adsorption attraction potential, and V b is the meanfield brush potential given by Eq. (4). The adsorption potential V ads (z) is described in the analytical SCF approach as an attractive pseudopotential V ads (z) ∝ −cδ(z) where c is the adsorption interaction parameter in the continual model. This parameter was introduced by de Gennes [46] to replace the real adsorption potential through the boundary condition [G(z, s)]
= −c. Close to the substrate, z ≪ H, the brush potential changes very little,
71 is a shorthand notation for the numerical coefficient
The adsorbed state is thus approximately described by the standard Green's function modified by the potential V 0 [47] G ads (z) = 2ce
Integration over z gives the partition function
In order to connect this expression to the MC model we note that c 2 /6 has the meaning of the negative free energy of adsorption per segment (the chemical potential) in an asymptotically long chain, i.e., µ = c 2 /6. When comparing the actual brush density profile with the theoretical parabolic shape, one concludes that the pseudopotential must account for the combined effect of the actual adsorption potential (a step of unit width with energy ε < 0) and the short-range depression in the brush density near the wall. It is known that for weak adsorption, the free energy per monomer is determined by the crossover exponent φ : µ ∼ (ε−ε c ) 1/φ . For an ideal chain, φ = 1/2 while the value for a chain with excluded volume was a subject of extensive investigations and prolonged debates [48, 49] . For any practical purposes, the adsorption of relatively short chains is very accurately described by the ideal value φ = 1/2. Here, for weak adsorption, we adopt the expression
where α and ε c are model-dependent constants to be extracted from the MC data. It is also known that at stronger adsorption, the free energy deviates from Eq. (9), and for very large ε, it can simply be estimated as µ = ε − const, where the constant shift is given by the limiting entropy difference per monomer between the coil and the fully adsorbed state.
The state with the free end exposed at the brush edge has no contacts with the surface. Hence the Green's function is given by the known solution of the Edwards equation for a purely parabolic potential and a neutral solid surface [18] 
For longer minority chains, N > N b , the Green's function of Eq. (10) shows unlimited monotonic increase with z since the solution refers to a potential extending to infinity and to an infinitely extendable Gaussin chain. In a realistic situation the minority chain does not make excursions well beyond z = H. To account for this fact we truncate G ex (z, N ) at z = H. If minority chains are just slightly longer ∆ ≡ N − N b ≪ N b , (which is the situation of interest in this paper), the Green's function simplifies to
This gives the partition function
assuming e V0∆ ≫ 1. Eqs (8) and (12) clearly show that in the limit of N b → ∞, σ = const,
= const the free energies of the two states are extensive and switching become a classical first-order phase transition.
Based on this analytical approach, the transition properties between the adsorbed state and exposed state can be investigated. For example, one could define the transition point as the condition Q ads (c * ) = Q ex . Omitting logarithmic correlations this gives µ
Under the condition U ∆ N ≪ 1 one can use the asymptotic expression Eq. (9) to obtain the adsorption energy at the transition
For larger grafting densities and chain length differences one expects deviation from the scaling form of of Eq. (13), since the quadratic dependence of µ(ε) may have a limited range. In the extreme case of a very long minority chain, N ≫ N b , the transition point satisfies the condition µ * = V 0 . Since the mean-field potential V 0 is in the range V 0 ∼ 0.36 − 0.8, the limiting value of ε * remains of order 1.
The sharpness of the transition is characterized by the width of the adsorption parameter change, δε, sufficient to produce a reliable switching from the adsorbed state with the average distance of the free end of the minority chain Z end ≪ H to the exposed state with Z end ≃ H:
−1 where the derivative is evaluated at the transition point itself. A standard recipe for a twostate model [50] gives δε = (
Finally, the switching time is essentially determined by the barrier separating the two relevant states. Hence we estimate the barrier height at the transition point, U barrier , in terms of the change in the Green's function of the exposed state, U barrier = ln Gex(z=H)
Gex(z=z barrier
) . It follows from Eq. (11) that up to a numerical coefficient close to unityU barrier ∼ V 0 ∆ ∼ κσ 2/3 ∆(15)
V. SIMULATION RESULTS AND DISCUSSION
A. Adsorbed and exposed conformations of the minority chain Fig. 3 shows typical simulation snapshots of a brush containing a minority chain N = 120 (monomers) in an exposed and an adsorbed state. There is a substrate surface below and a virtual surface above showing the brush height H. As can be seen a small fraction of monomer units are located above H. These monomers form a tenuous brush exterior. The minority chain is shown in green color. It is longer than the majority brush chains with N b = 100. We characterize the length of the minority chain by a parameter ∆ = N − N b (In the snapshot, ∆ is given by ∆ = 20). The minority chain in the exposed state has a stem-crown-like conformation.
The main features of the snapshot can be also seen in Fig. 4 where the longitudinal monomer density profiles are shown for minority chains with different ∆ in the exposed state at ε = 0 (panel a), and in the adsorbed state at ε = −0.7(panel b). The density profile of a homogeneous brush is also shown, and for comparison both profiles are normalized in the same way. It is clear that at ε = 0 and ∆ = 0 the minority chain is identical to brush chains. For longer minority chains, ∆ > 0, the density profile deviates from a parabolic, monotonically decreasing form (apart from a narrow depletion layer near the substrate) shape. It is well understood that the standard parabolic shape is due to a specific very broad end-monomer distribution. "Partial" density profiles produced by chains with a given end position are initially increasing with z with a subsequent sharp drop. Only after averaging over end positions one obtains the actual density profile. The most pronounced effect is observed for the longest minority chain with ∆ = 20. The profile can be understood if we take chain conformations with the end-monomer positioned on average close to z = H (shown by the vertical dashed line) with a typical fluctuation of a few monomer lengths (∼ 5). For shorter minority chains the average end-hight is below H and the fluctuations are relatively larger, which makes the difference to the majority chains less dramatic. In the strongly adsorbed state the density profile exponentially decreases with z and is insensitive to ∆, see Fig.  4(b) .
Even though the minority chains are highly dilute, they perturb the brush locally. Furthermore, the minority chain itself of course has lateral structure. Fig. 5 shows the lateral distribution of the end monomer P xy (r) as a function of the in-plane radial distance r = x 2 + y 2 from the grafting point for different adsorption energies ε at grafting density σ = 0.2 and chain length N = 120. Here P xy (r) was obtained by counting how often the minority chain end was located in a cylindrical shell ranging from r to r + ∆r and dividing this by the volume of the shell and the total sampling number. The thickness of the shell was chosen as ∆r = 1. The results for ε = 0 in Fig. 5 show that P xy (r) exhibits Gaussian behavior for nonadsorbing chains. With increasing adsorption strength, the distribution becomes broader, and a depletion region develops close to r = 0: Chain ends are pushed away from the area close to the grafting point, due to the fact that this area is already covered by adsorbed monomers. This is also shown by the radial distribution density P r (r) = 2πrP xy (r), which gives the probability to find the free end of the minority chain located at distances ranging from r to r + ∆r with ∆r = 1. At strong enough adsorption the maximum of P r (r) moves towards larger values of r since the flattened adsorbed state dom- inates (Fig. 5, inset) . To measure more quantitatively how the minority chain extends in the lateral direction, we calculate the parallel root-mean-squared radius of gyration defined as R = R 2 gx + R 2 gy , where R gx and R gy are the meansquare radius of gyration of the minority chain in the x and y directions, separately. Fig. 6 shows R as a function of the adsorption strength at σ = 0.1 for different minority chain lengths. From these curves it can be seen that the lateral size of the minority chain remains almost unchanged up to ε ∼ −0.4, and then starts to increase, which is another signature of the conformational transition from the desorbed to the adsorbed state. Fig. 7 shows the lateral size of the minority chain in the exposed state with ε = 0 and in a strongly adsorbed state with −ε = 0.7, as a function of the minority chain length for several grafting densities. In both the exposed state and the adsorbed state, R (N ) is consistent with a power law. The best fit for the exposed state (ε = 0) gives R ∝ N νe , with ν e ≈ 0.55, which is larger than the Flory exponent expected for ideal chains (ν = 0.5), and smaller than that expected for free chains in a good solvent (ν = 0.588). This can be understood since part of the chain well within the brush experiences semi-dilute conditions with screened excluded volume interactions while the part near the tenuous brush exterior is swollen. As one increases the grafting density at fixed length, the lateral size of the exposed chain decreases. This has two reasons: First, the brush thickens with increasing grafting density, and consequently the fraction of swollen minority chain part outside the brush (the crown) decreases. Second, the monomer density inside the (semidilute) brush increases, which leads to a stronger screening of excluded volume interactions and a decrease of lateral swelling of the inner part of the minority chain (the stem). According to Fig. 6 , the shrinking does not depend noticeably on the chain length ∆ = N − N b between minority chain and brush chains, i.e. , on the size of the crown. Hence we conclude that the second effect is probably dominant.
For strongly adsorbed chains (−ε = 0.7), we find a relation R ∝ N νa , with ν a ≈ 0.73, which is close to the Flory exponent for two dimensional self-avoiding chains (ν = 0.75). In the strongly adsorbed state the lateral extension is almost insensitive to the grafting density, see Fig. 7 , upper line. From the scaling point of view the adsorption blob size is quite small and thus screening of the excluded volume interactions by other chains is ineffective. Fig. 8(a) presents the average distance Z end from the free end of the adsorption-active minority chains to the solid substrate as a function of the adsorption strength −ε, for minority chains of several lengths in a brush with N b = 100 at σ = 0.2. The two lower curves represent the behavior of shorter minority chains with N = 50 and N = 90. In the desorbed state, short minority chains exist in a coil-like conformation and hence the adsorption transition is expected to be continuous. The curves are further smeared out due to the finite length of the chain. In contrast, even a small positive increment ∆ = N − N b in the length of minority chain results in a well-pronounced sharp transition from an exposed state in which the free end of the minority chain is localized at the outer space of the brush to an adsorbed state where the chain is localized close to the substrate as illustrated in Fig. 4 Fig. 8(b) compares the MC results with the prediction of the three-dimensional SCF, using the interaction parameter v eff extracted from the MC simulations of pure brushes (Fig. 2(b) ). The SCF results differ from the MC date in two important aspects. First, they do no capture the attractive contact interaction of the minority chain with the surface accurately. This is not surprising, given that the interaction vanishes on the scale of one grid size, and it leads to a shift of the adsorption curves by a constant value ε 0 ≈ 0.1. Second, the density fluctuations at the brush surface (see Fig. 2(a) ) effectively reduce the (spatial) range of the repulsive potential, hence the minority chain is less stretched in the exposed state. This effect is even observed for minority chains that have the same length than the brush chains, N = N b . We will see below that this leads to a reduction of the free energy barrier between the exposed and the adsorbed state. After shifting the SCF curves by ε 0 and rescaling them with a factor α(N ) which was obtained empirically, they are in very good agreement with the MC results.
Curves such as those shown in Fig. 8 , which give the average distance of the minority chain free end from the surface as a function of the adsorption strength, can be used to localize the crossover between the adsorbed and the desorbed state. The transition point −ε * is then defined as the point where the slope of the curve is maximal (for ∆ > 0). The value of the slope at this point is used to extract the width of the transition, δε. This is done as follows. First we find the point where Z end vs −ε has the maximum slope, and calculate this slope as l. Then we draw a line through this maximum slope point with the slope l and find its intersection with (i) the abscissa and (ii) with a line parallel to the abscissa that corresponds to the value of Z end at ε = 0. The absolute value of the difference of the adsorption strength at these two intersection points (i.e., difference of their abscissa values) defines the transition width
In order to study the transition mechanism we analyze the distribution of minority chain ends, which we denote as P z . The product P z dz represents the probability to find the free end in a layer with its z coordinate ranging from z to z + dz. In the MC scheme, P z is evaluated as follows: We split the simulation box along the z direction into n z layers, where each layer has the volume L x * L y * L z /n z and an index k ranging from 0 to n z − 1. Then P z (k) is obtained by counting how often the free end was located in the kth layer, divided by dz and by the total size of the sample. Fig. 9(a) shows examples of distributions P z (z) for a minority chain of length N = 110 in a brush with grafting density σ = 0.3. One can clearly see that two populations of different conformations (adsorbed and exposed) are involved in the transition. In the transition region these populations coexist which is reflected by a bimodal distribution. Specifically one can see that at low adsorption strength (e.g., ε = −0.26), the chain end is mostly located outside of the brush, whereas at high adsorption strength (e.g., ε = −0.6), the chain end is localized close to the surface. At intermediate adsorption strengths (ε ∼ −0.42), the adsorbed and the exposed state coexist and the minority chain switches back and forth from one to the other. A conventional way to analyze a phase transition is to construct a "Landau free energy" from the logarithm of the statistical distribution of the order parameter [51] . We will use the position z of the free end of the minority chain as the order parameter. In this case the Landau free energy is − ln P z (z). Selected free energy curves are shown in Fig. 9(b) . The free energy as a function of chain end position has one minimum close to z = 0 for large ε (adsorbed state), and one minimum close to z = 40 for small ε (exposed state). obtained by taking the negative logarithm of the distribution P z in Fig. 9(a) . The black dashed vertical line is shown to denote the brush height H ≈ 46 at N b = 100, σ = 0.3.
both minima have equal depth. However, we wish to stress that at finite chain length, there is no classical phase transition, but rather a crossover point between two regimes. The height of the free energy barrier between the exposed state and the adsorbed state, U barrier , is extracted from the Landau function curve at this transition point. The equal depth condition for the transition point makes the barrier height definition unambiguous. In the following we compare the transition characteristics as obtained by simulations to the scaling prediction of the analytical theory laid out in Section IV. * corresponding to the criterion of equal height in P z (see Fig. 9(a) ) (filled symbols), or to the criterion of maximum slope of Z end (see Fig. 8(a) ) (empty symbols). The solid and dash lines are used to guide the eyes and they have almost the same slope chain length the lines are separate. We expect the difference to vanish in the appropriate thermodynamic limit
where the transition becomes truly sharp. The general trend is that the transition point shifts to larger adsorption strength |ε * | with increasing minority chain length and grafting density. This is to be expected, since both factors stabilize the exposed state against the competing adsorbed state.
In Fig. 10 , the intercept and the slope are linked to the model-specific dependence of the adsorbed chain's free energy on ε, which were therefore treated as free parameters by the theory. One has to be cautious, however, not to overestimate the agreement between theory and simulations. The scaling predictions rely on two assumptions: (i) logarithmic corrections are neglected, implying that the relevant free energies per chain are much larger than 1 (in kT units), V 0 ∆ ≫ 1; (ii) the adsorption is assumed to be weak, such that the expansion of µ(ε) in Eq. (9) can be applied, V0∆ N ≪ 1. At brush chain lengths N ≈ N b = 100, it is difficult to satisfy both conditions simultaneously. In systems with small values of ∆ and/or small σ, the first condition becomes questionable, whereas in systems with larger ∆ and/or larger σ, the second condition may be violated. Therefore, the observed reasonably good collapse onto a straight line might be the result of cancellation effects.
The two most important characteristics of the transition, as far as potential applications are concerned, are the transition sharpness (or effective width) and the waiting time characterizing the transition kinetics. The present work does not include dynamic simulations, so we use the free energy barrier at the transition as an indirect measure of the waiting time. The transition width, denoted as δε and characterized by the inverse slope of Z end (ε), is plotted in Fig. 11(a) as a function height (in units of kT ) is displayed in the Fig. 11(b) . We present both the MC results (symbols) and the SCF results (lines). The transition becomes sharper for longer minority chains and larger grafting densities. The difference between the MC and the SCF results for δε ( Fig.  11(a) ) is noticeable but not dramatic. As discussed in Sec. IV (Eq. (14)), the transition sharpness is essentially determined by the response of the free energy of the adsorbed state to variations of the adsorption strength ε, which does not seem to be affected by fluctuations very much. In contrast, the effect of fluctuations on the free energy barrier is quite strong. The free energy barrier grows approximately linearly with ∆ and also increases with the grafting density. The absolute values of the barrier height obtained by MC simulations are smaller than those from SCF method by roughly a factor of 2 ( Fig.  11(b) ). This is clearly a pronounced effect of density fluctuations implying strong consequences on the transition kinetics.
The same data are replotted in Fig. (12) with scaling coordinates as suggested by the analytical theory, see Eqs (14) , (15 expected to pass through the origin since in the thermodynamic limit, one has σ −1/3 (N ∆) −1/2 → 0, and the transition becomes jump-like with δε → 0. At finite brush chain length N b and for larger values of the scaling parameter σ −1/3 (N ∆) −1/2 finite chain length effects and logarithmic corrections become important. This presumably explains why the data do not collapse on a master curve, and why the SCF data don't even seem to converge towards the expected behavior δε → 0 at σ −1/3 (N ∆) −1/2 → 0. The MC data are better compatible with a limiting straight line passing through the origin, and the slope has the correct order of magnitude. According to the theoretical expectation (Eqs (13) and (14)) the slope in Fig. 12(a) should exceed that in Fig.  10 by a factor of (15) while the MC data are not. Although the direct proportionality to the chain length increment ∆ is still satisfied reasonably well, the effect of increasing the grafting density is stronger than predicted by the theory. This is probably due to the fact that the values of the barrier height U barrier obtained from MC simulations lie in the range between 0.5 and 5 k B T , whereas the theory assumes that the two states are well separated, implying U barrier /k B T ≫ 1. Thus the asymptotic behavior assumed by the theory is not yet reached, which may explain the poor data collapse.
It is worth noting that the data do seem to obey an apparent scaling U barrier ∼ σ∆ as illustrated by Fig. 13 . We are not aware of a theoretical reason for such a scaling. The observed apparent scaling might be the purely fortuitous result of various corrections to the analytical theory, which relies on several somewhat questionable assumptions as discussed above. 
VI. CONCLUSION AND REMARKS
To summarize, we have investigated in detail conformational properties and phase transition behavior of a type of stimuli-responsive polymer materials using particle-based Monte Carlo simulations and continuumbased 3-dimensional self-consistent field theory. This type of stimuli-responsive materials is designed based on a polymer brush with a small fraction of adsorptionactive minority chains introduced in the brush, and the minority chain can work as a responsive sensor. The basic mechanism for this responsive sensor relies on the conformational switch of the minority chain. The adsorption between the substrate and the minority chain serves as the trigger that switches the chain conformations. In practice, the trigger could also be a temperature or solvent composition change. Upon varying the adsorption strength, two states were observed, one being an exposed state, in which the free end of the minority chain is located at the outside surface of the brush and possesses a stem-crown-like configuration, and the other being an adsorbed state, in which the minority chain is located at the adsorbing substrate in a nearly 2-dimensional confinement.
One important purpose of the present study was to highlight the effect of fluctuations by comparing two numerical methods applied to one and the same model, namely MC simulations and 3d SCF calculations. The comparison shows that the SCF theory roughly captures the sharpness of the transition ( Fig. 12(a) , but overestimates the barrier height ( Fig. 12(b) ). As discussed earlier, density fluctuations at the outer brush surface (see Fig. 2(a) ) effectively reduce the range of the repulsive barrier created by the brush and hence the degree of chain stretching in the exposed state (see Fig. 8(b) ). As a consequence, the free energy barrier between the adsorbed and the exposed state is also reduced. The practical importance of this effect can be seen when plotting the barrier height against the sharpness of the transition (Fig. 14) . The transition sharpness is a measure for the sensitivity of the switch to small changes in the environment. It can be tuned by adjusting the minority chain length or the grafting density. Assuming that it has been tuned to a certain value, Fig. 14 demonstrates that the corresponding barrier height between coexisting states at the transition is greatly reduced in the MC simulations compared to the SCF prediction. Since the barrier height determines the time required for switching between states, this can drastically reduce the response times of the switch. For example, for δε = 0.12, the reduction can be as high as 7k B T , and according to a simple Arrhenius-type estimate this would lead to a speedup of the switching time by three orders of magnitude. The switching time is one major issue for the quality of sensors or other responsive materials. In our previous work [17] , we performed overdamped Brownian dynamics simulations of a single switch chain in a static brush potential to estimate the switching time. By tracking the position of the free end bead of the minority chain, we found that this bead could jump between two well separated positions (which correspond to the exposed and adsorbed state, respectively) during a time about 10 6 τ mono , where τ mono is the characteristic relaxation time of a single monomer, which is typically on the order of 10 −9 seconds for flexible chains. We thus estimated the switching time to be on the order of milliseconds. However, in that calculation, the brush was represented in a simplified manner by a parabolic profile and the coupling between the minority chain and the brush chains was neglected, which presumably leads to a large deviation from the true switch time. Molecular dynamic simulations that model a brush-minority chain system in a dynamic manner are clearly desirable.
In the present study, we restrict ourselves to systems with good solvent conditions, and assume that two-body interactions dominate, thus we only consider excluded volume interactions. However, for dense brushes, higher order contributions will become important. Higher order terms in the free energy virial expansion provide corrections that lead to some change in the brush height and in the overall free energy of the competing states. Hence one would expect corrections to the properties of the switching transition, in particular the barrier height at transition. In the case of very dense grafting these corrections may be significant but this falls outside the scope of the present paper.
Besides fluctuations, another factor that must be taken into account in real systems is polydispersity. In the present study, the brush polymers were taken to be monodisperse. Real polymer brushes, however, are always polydisperse, and it has been demonstrated that polydispersity significantly alters both the equilibrium properties [52, 53] and dynamical properties [54] [55] [56] of materials. Using a one-dimensional SCF theory, we have performed a preliminary study of a system with an adsorption-active chain embedded in a polydisperse brush with a continuous Schulz-Zimm length distribution. We found that for ∆ 15, the switch sharpness is similar to that of the monodisperse brush obtained by 1-dimensional SCF theory; however, the switch barrier is reduced. This suggests that the switching mechanism should be at least as effective in polydisperse brushes than in monodisperse brushes, the switching might even be faster. Further and more detailed studies are currently under way.
An important question pertaining to the MC scheme used in our work is the choice of the size of the density averaging cell, b, which has the meaning of an interaction range. In section III we have shown that the effective excluded volume parameter appears as the result of a renormalization of the "bare" parameter due to density fluctuations. For a given set of parameters N b and σa 2 , where a is the statistical segment length unit, the brush profile is uniquely defined by v eff or, more precisely, the corresponding second virial coefficient in the MC model, B eff , while the renormalization factor B eff B bare was shown to be a function of a single dimensionless variable b a . The renormalization of monomer interaction parameters has been studied for single flexible swollen chains [57] , in the context of dense polymer systems [38] , and in the fieldtheoretical context [58] [59] [60] [61] . We would like to emphasize that polymer brushes simulated by MC in the Laradji version [26] represent a class of model systems where renormalization effects are quite strong and can be extracted easily. The basic tenet is that large-scale properties should depend only on the renormalized excluded volume parameter while its bare value may become relevant on small length scales comparable to a or b. One consequence in our system is that the brush profiles very close to the outer surface cannot be described by a single renormalized v eff (see Fig. 2(a) ), and that the surface interaction parameter ε has to be renormalized independently from v bare (as has been done in Fig. 8(b) ).
However, even after taking into account the renormalization of interaction parameters, we find that the properties of chains in close vicinity and above the brush surface are still strongly influenced by density fluctuations. The density fluctuations at the brush surface significantly reduce the free energy barrier between the exposed and the adsorbed state in Fig. 14 . Thus, the minority chain serves as a delicate probe of both local and large-scale fluctuation effects. The SCF equations are closed and iterative methods are used to find their solutions. The auxiliary potential ω is used as the iterative variable, and a new potential for the next iteration is generated ω (n+1) = ω (n) + λ(vρ (n) t − ω (n) ), where λ is a small number controlling the stability of the iteration and the speed of converging. In most of the cases we use λ = 0.03. The iteration process stops if the iteration error is smaller than 10 −5 . There are several ways to solve the modified diffusion equation numerically, for example, real space finite difference schemes [65] , pseudo-spectral schemes [66, 67] , and so forth. Usually, pseudo-spectral schemes are reliable and efficient. However, in our system, we encountered numerical problems when chains are strongly stretched (e.g. at large grafting densities, or when chains are long). In such cases, the propagators sometimes assumed negative values, and the SCF equations did not converge. Similar problems were reported in Refs. [33, 34] . Therefore, we adopt the Doublas-Brian scheme [68] , a realspace finite-difference method which did not suffer from this problem. The volume of the simulation system is chosen equal to that of the MC method. It is divided uniformly into n x * n y * n z = 40 * 40 * 200 grid cells, and continuous quantities are discretized on the vortices of these cells. The chain contour including the minority chain is uniformly discretized into 400 steps. About 300 hundred iteration steps are necessary for the iteration to reach convergence.
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